Introduction
α-Luffin is a single-chain type I ribosome-inactivating protein (RIP) found in Luffa cylindica seeds (Griffiths and Electricwala, 1987; Ng et al., 1992a; Ma et al., 2012) . α-Luffin is one of three principle categories of RIPs identified from plant resources that have structural differences: type I RIPs consist of single chain polypeptides of approximately 30 kDa; type II category has an A chain catalytic domain common with type I and a B chain binding domain containing double chained RIPs of around 60 kDa ; type III RIPs, synthesized as inactive precursors, undergo a proteolytic process before generating an active RIP (Peumans et al., 2001) . No clinical indications have yet been reported for the third category, but type I RIPs have been broadly studied in biomedical fields for targeted drug delivery of immunotoxins in cancer immunotherapy.
RIPs, which inhibit protein synthesis by their rRNA N glycosidases activity (Park et al., 2006) , are widely distributed among plants, bacteria, and fungi. RIPs have been reported in approximately 17 different plant families, including Cucurbitaceae, Poaceae, and Euphorbiaceae (Sharma et al., 2004) . RIPs show some properties including antibacterial (Pelegrini et al., 2008) , antifungal (Parkash et al., 2002) , and a multiplicity of antitumor (Cao et al., 2012; Shin et al., 2013) , abortifacient (Yeung et al., 1988) , and antiviral (for example, polio virus, cytomegalo virus, influenza virus, herpes simplex virus, and anti-human immunodeficiency virus (HIV)) activities Park et al., 2006; Au et al., 2014) . RIPs have attracted a lot of attention in biomedical research, especially immunotoxins in targeted therapy studies (Battelli et al., 1996) . RIPs have been linked with carriers such as antibodies and hormones, in order to make them selectively toxic to a target cell. Numerous studies have been carried out to examine novel recombinant RIPs with desirable properties but, because of RIPs' cellular toxicity, the expression of recombinant RIPs is a complicated process.
Some results suggested that α-luffin inhibited the proliferation of cancer cell lines in a time-and dosedependent manner and it was shown that the morphology of RIP-treated cells is similar to that of cells undergoing death by apoptosis .
Cancer is one of the therapeutic indications that have benefited more from recombinant drugs. In this field, antibodies designed for cancer cell eradication were used for targeted cancer therapy (Thomas et al., 2016) . The monoclonal antibodies (mAb) linked to different cytotoxic agents have made a second generation of antibodies with considerable success in oncology. To date, only one immunotoxin, denileukin diftitox (DD; Ontak), has been approved by the US Food and Drug Administration (FDA) (Goldmacher and Kovtun, 2011; Flygare et al., 2013; Thomas et al., 2016) .
The expression of a desired recombinant protein seemed to be more reasonable using a suitable expression system. The first FDA approved biopharmaceutical (Insulin) was produced in Escherichia coli, in 1982. Nowadays about 30% of biopharmaceuticals are produced in the bacterial cells. Moreover, 24% (94 products) of marketed biopharmaceuticals are used in anticancer therapies and 69% of these products are produced in E. coli (Sanchez-Garcia et al., 2016) . According to the Southeast Collaboratory for Structural Genomics (SECSG) reports, 22.9% of proteins that have been expressed in E. coli are in soluble form. Coexpression with foldases and chaperones (Ikura et al., 2002) , using weaker promoters (Studier and Moffatt, 1986) , reducing the temperature, optimizing the cultivation strategies, and protein fusions technology are some of numerous strategies that may improve the solubility of expressed proteins.
Thioredoxin (TRX), NUS A, maltose binding protein (MBP), glutathione S-transferase (GST), ubiquitin (UB), and small ubiquitin-related modifier protein (SUMO) (Pryor and Leiting, 1997) are the most commonly used tags. These fusion motifs can improve correct protein folding and enhance the expression level and solubility rate of recombinant proteins. SUMO, around 11 kDa, belongs to a group of ubiquitin-like proteins that are mostly used by fusing to the N-terminal of the protein of interest (POI) to enhance its expression and solubility (Bird, 2011) . SUMO is involved in cellular processes like apoptosis, nuclearcytosolic transport, protein activation, and controlling the eukaryotic cell cycle. Fusion proteins need to be cleaved after expression, to promote native protein structure (Lee et al., 2008) . SUMO protease can recognize the 3D structure of SUMO and cleave precisely within the amino acid sequence of target proteins. Reducing proteolytic degradation of the recombinant protein and simplifying the purification process are other advantages of SUMO fusion technology. Recombinant protein expression in E. coli, using SUMO, has increased the yield of difficult-toexpress proteins (Shimokawa-Falcao et al., 2017) .
In the present study, the recombinant α-luffin was expressed in E.coli. In addition, the effect of SUMO fusion tag, reduced temperature, and the cultivation strategy on its total and soluble expression was studied. Furthermore, because of the toxic properties of α-luffin, we used rhamnose promoter for tightly controlling the expression and preventing overexpression of this protein.
Materials and methods

Cloning of α-luffin gene
According to sequence data in GenBank, the α-luffin gene with accession number X62371.1 was chemically synthesized, after codon optimization for protein expression in E. coli cells. Forward and reverse primers were designed based on the protocol of the Lucigen kit (Lucigen Corporation, USA). Amplification was achieved through polymerase chain reaction (PCR). The PCR products were analyzed by agarose gel electrophoresis. The expected size of PCR product was 750 bp.
After the amplification of the target gene, 1-3 μL of PCR product was mixed with 25 ng of pRham N-His SUMO Vector and transformed into E. coli 10G, chemically competent cells of the Lucigen kit. Transformation was performed according to the manufacturer's instructions. Recombination between the vector and α-luffin gene occurred in vivo, within the bacterial host.
Screening for recombinants
To confirm the recombination, the colonies were picked from a freshly prepared selective plate and plasmid extraction was performed using a Fermentas Gene JET plasmid miniprep kit according to the manufacturer's instructions. The extracted plasmids were subjected to colony PCR and restriction enzyme digestion. PCR amplification was carried out using the specific primers and SUMO forward and pETite reverse primers included in the kit. PCR cycles were as follow: 25 cycles of 94 °C for 45 s, 55 °C for 45 s, and 72 °C for 45 s. The expected PCR product size was 750 bp. The PCR products were analyzed by agarose gel electrophoresis. Recombinant plasmid was also digested using EcoRV.
Protein expression
A single colony of recombinant E. coli 10G was inoculated into LB growth medium containing 30 µg/mL kanamycin at 37 °C with 180 rpm shaking. After 3-4 h, when the OD 600 of the culture reached 0.55-0.6, 1 mL of medium was centrifuged and kept at -20 °C as a negative control. Then 0.2% rhamnose was added to the remaining cells to induce expression. Bacterial pellets were collected 4, 6, 8, and 24 h after incubation.
α-Luffin expression analysis
For detection of recombinant expression, SDS-PAGE and western blot analysis were performed. Induced cells were harvested and resuspended in 2X sample buffer (0.5 M Tris base pH 6.8, 25% glycerol, 4% SDS, 0.5% bromophenol blue). Samples were heated in a water bath in 95 °C for 5-10 min and analyzed on 12% SDS-PAGE with Coomassie Brilliant Blue staining.
Western blotting was performed utilizing an anti-His antibody. The separated proteins were then transferred to a nitrocellulose membrane at 14 V for 40 min. The membrane was blocked with 3% nonfat dry milk in phosphate-buffered saline (PBS)-0.05% Tween 20 for 2 h. Then blots were incubated with the antibody at a dilution of 1:500 in PBS for 2 h at room temperature.
Visualization of the HRP-conjugated antibody was achieved using the DAB substrate. An 18 kDa Hisconjugated protein and uninduced cells were used as the positive and negative controls, respectively.
Effects of cultivation strategies and reduced temperatures on α-luffin expression/solubility
According to the Biosilta kit protocol for fed-batch Enbase cultivation, EnPresso two white tablets, containing culture media component, were solved in 50 mL of pure, distilled, and sterile water. For preparing the preculture, a single colony was inoculated in 5 mL of LB containing 30 µg/ mL kanamycin and incubated for 6-8 h at 37 °C to obtain OD 600 0.6 approximately, at which time 1:25 volume of the preculture medium was inoculated into the 5 mL of prepared EnBase culture medium supplemented with kanamycin (30 µg/mL). Then 12.5 µL of 600 IU Reagent A (glucose releasing enzyme) was added and the culture was incubated overnight with shaking at 200 rpm. After 15-18 h, 1 mL of grown medium was collected as before induction sample. According to the manufacturer's instruction, in this step, a booster tablet (black tablet) was added. The booster tablet was composed of extra nutrients and polysaccharide substrate. Each tablet was solved in 5 mL of distilled sterile water and 0.5 mL of prepared medium was used in each study. Moreover, 12.5 µL of 600 IU Reagent A and rhamnose (at final concentration of 0.2%) were also added to the cultivation medium. Samples were collected 2, 4, 6, 8, 12 , and 24 h after induction. The media were centrifuged and pellets were stored at -20 °C until further analysis.
The mentioned steps were repeated at two other induction temperatures, 25 °C and 30 °C, to investigate the influence of reduced temperature on solubility of recombinant α-luffin.
Soluble expression analysis
In order to assess the solubility of recombinant α-luffin, samples were centrifuged at 9000 rpm for 3 min. Cell pellets were resuspended in TE buffer and sonicated for 8 cycles of 30 s pulses and 20 s intervals. The sonicated samples were centrifuged at 13,000 rpm for 20 min at 4 °C. The total protein sample was collected from the cell suspension after sonication. The clear supernatant was collected as a soluble fraction after the insoluble debris was pelleted. Protein concentration was measured using absorbance at 280 nm by NanoDrop spectrophotometer. Total, pellet, and supernatant samples of each experiment were subjected to SDS-PAGE and protein bands were visualized by staining with Coomassie Brilliant Blue.
Results
Gene cloning
The successful cloning of coding sequences into pRham N-His SUMO plasmid was confirmed by restriction enzyme digestion and colony PCR. The results of the digestion and the final map of the recombinant plasmid are shown in Figure 1 . The restriction analysis of pRham N-His SUMO-α-luffin using EcoRV resulted in expected bands of 1364 and 1934 bp. Similarly, PCR product with predicted size of 750 bp was amplified from extracted plasmid (Figure 2) .
SDS-PAGE and western blot analysis
As shown in Figure 3 , SDS-PAGE analysis revealed the N-His SUMO-α-luffin fusion protein with the expected molecular weight of 42 kDa in the recombinant E. coli 10G clones. Further analysis by western blotting detection was performed according to Figure 4 , which showed the reaction of an anti-His IgG with this band and no band was observed in the negative control cells. These results confirmed that α-luffin protein was successfully expressed in E. coli cells.
Analysis of fed-batch system effects on expression and solubility of α-luffin
To evaluate the influence of cultivation strategy on protein expression, EnBase fed-batch system and LB medium were compared. The recombinant E. coli 10G cells were induced at 37 °C and the collected pellets (0-24 h after induction) were sonicated. The total α-luffin expression was analyzed on 12% resolving gel. Our results demonstrated that the EnBase fed-batch system supports higher expression level of α-luffin than LB medium ( Figure 5 ). Further analysis was carried out using EnBase medium.
Analysis of reduced temperature effects on expression and solubility of α-luffin
The effect of reducing temperature on total and soluble expression of α-luffin was investigated at 25 °C, 30 °C, and 37 °C. To identify the optimum length of induction, the recombinant bacteria were induced for 4, 6, 8, 12, and 24 h at each temperature. The distribution of the recombinant SUMO α-luffin protein in total, pellet, and supernatant samples was studied using SDS-PAGE. As shown in Figure 6 , the highest expression level in the EnBase cultivation system was achieved at 25 °C. The results also indicated that the majority of expressed α-luffin at 37 °C formed inclusion bodies. However, at 30 °C and 25 °C, the recombinant protein was detected in both soluble and insoluble fractions. The maximum level of soluble expression for α-luffin was attained 12 and 24 h postinduction time at 30 °C.
As illustrated in Figures 5 and 6 , the fed-batch system and reduced temperature can improve expression and solubility of α-luffin.
Discussion
Nowadays targeted therapy is one of the best strategies in the treatment of cancer or other complicated diseases (Battelli et al., 1996) . Antibody drug conjugates (ADCs) are a class of therapeutics consisting of the antigen-selectivity of MAbs in order to deliver highly potent toxins to tumor cell surface antigen (Trail, 2013) . Many toxins have been considered as candidates for producing antibody drug conjugates (Flygare et al., 2013) . For this approach, RIPs have been linked to carriers such as antibodies, hormones, and growth factors. RIPs containing immunotoxins can act on cells without inducing resistance and so they have more advantages in comparison to the conventional chemotherapeutic agents (Sobiya Raj and Jannet Vennila, 2013) .
α-Luffin, a type I RIP, is one of the most toxic proteins from the luffin family. Several studies revealed its antiviral effects. On the other hand, antitumoral activities of this protein were confirmed in breast cancers, choriocarcinoma, and hepatoma in different cell lines (Sha et al., 2013) .
Regarding their highly toxic nature, RIP family toxins have toxic effects on producing host cells. It especially occurs in luffin-a and -b from Luffa cylindrica (cytotoxic derivatives) (Ng et al., 1992a (Ng et al., , 1992b Ma et al., 2012) .
Escherichia coli has been the workhorse of gene expression for many years, but unfortunately cytoplasmic expression of many recombinant toxins mostly has led to inclusion bodies formation, requiring comprehensive in vitro refolding steps to access their biological activities (Balduino et al., 2011; Lyukmanova et al., 2016; Shimokawa-Falcao et al., 2017) . On the other hand, the refolding process is not cost effective in many cases; therefore enhancing protein solubility by other strategies is a better approach to obtain high production levels (Lee et al., 2008) . In the present study, we aimed to enhance the total and soluble expression of α-luffin by reducing the induction temperature, fed-batch cultivation system, and SUMO fusion tag. Moreover, because of the toxic effect of recombinant α-luffin, the tunable rhamnose promoter was used.
First, the expression of recombinant α-luffin was confirmed at 37 °C in LB medium (Figures 3 and 4) , and the total protein expression was not significantly altered at different times postinduction. However, in EnBase medium, the expression of recombinant protein increased with time postinduction, and maximum expression and solubility were obtained 12 and 24 h postinduction.
EnBase medium provides a controlled cultivation mode by continuous feeding with glucose, controlling pH changes, avoiding oxygen fluctuations, and other controlling processes on growth medium conditions (PanulaPerälä et al., 2008) . Hence, the E. coli cells survived the harmful effect of metabolites and oxygen depletion and protein synthesis reduction (Krause et al., 2010) . A similar outcome was reported by Krause et al., who developed a novel fed-batch based cultivation method. They demonstrated that the novel EnBase Flo cultivation system in shaken cultures can provide high cell densities without impairing the productivity per cell and improve yield of soluble recombinant proteins in shaken cultures in comparison to commonly used LB, Terrific broth, or mineral salt media (Krause et al., 2010) . Due to the growth control in the EnBase cultivation system, accumulation of harmful metabolites can be diminished and development of anaerobic conditions can be avoided. Expression at three different temperatures, 25 °C, 30 °C, and 37 °C, was investigated. Samples were collected 0-24 h after induction by rhamnose.
Some previous studies have reported the toxic effect of RIPs on prokaryotic ribosomes (Girbes et al., 1993; Chaddock et al., 1994; Liu et al., 2010) . Our observations did not show this phenomenon because of lower temperature cultivation (25 °C), which could reduce the toxic effect of α-luffin on E. coli cells only if it is performed in fedbatch mode. It may be explained by the fact that EnBase fed-batch mode supports high cell density by slow release of an essential nutrient (glucose). Furthermore, at 25 °C 24 h postinduction, OD 600 is about twofold more than in a previous study at the same temperature and the same time in EnBase medium (unpublished data). We suggested that rhamnose promoter has an effective role on controlling the expression of recombinant α-luffin protein by its tunable mechanism of action. Although the rhamnose promoter is weaker than T7, lower expression of the α-luffin happens by this promoter and E. coli cells could survive the toxic effect of α-luffin and keep on the expression of recombinant protein up to 24 h postinduction. On the other hand, by using the rhamnose promoter system we prevent leaky expression in before induction samples that happened in the previous study with T7 promoter (unpublished data).
Furthermore, as illustrated in Figures 5 and 6 , the highest level of total expression and soluble form was obtained at 25 °C and 30 °C, respectively. At lower temperatures, the number of functional ribosomes and level of protein synthesis in the cell are increased to compensate for the decrease in translational activity and α-luffin is a ribosome inactivating protein and so when more ribosomes are available the inhibiting effect is probably prevented (Yun et al., 1996) . Therefore, the ribosome inhibitory toxic effect is less apparent at low temperature cultivation. Furthermore, hydrophobic reactions that make inclusion bodies and aggregation of the recombinant proteins happen less (Krause et al., 2010) and for this reason a higher soluble form of α-luffin was achieved at 30 °C and 25 °C in comparison to 37 °C. On the other hand, the chaperone-like manner of SUMO tag and high activity of chaperones at 30 °C can improve the solubility rate of α-luffin (Rezaie et al., 2017) .
In conclusion, the mature α-luffin gene was cloned and the recombinant α-luffin was successfully expressed in E. coli. Different induction parameters, such as growth temperature and incubation time, have been modified to improve the expression levels of α-luffin especially in soluble form. The results revealed that a maximum yield of total protein expression was achieved by induction with 0.2% rhamnose and 24 h after induction at 25 °C. Furthermore, our data showed that the highest level of soluble protein expression was achieved at 30 °C in EnBase cultivation medium.
